Retrofitted bridge fragility curves provide a powerful tool for assessing the effect of retrofit measures on the seismic performance of different bridge types under a range of loading levels. Traditional methods for retrofit assessment typically evaluate the effectiveness of retrofit based on the performance of individual components. However, the use of fragility curves for retrofitted bridges has the ability to capture the impact of retrofit on the bridge system vulnerability. Using three-dimensional nonlinear analysis, fragility curves are developed for four common classes of multispan bridges and five retrofit methods. The results show that the effectiveness of retrofit is a function of bridge type and damage state. General conclusions of the influence of the different retrofit measures on the fragility of each class of typical bridges in the Central and Southeastern United States, as well as the fragility parameters, are presented. The results from this work can be used to enhance regional seismic risk assessment and can form the basis for retrofit cost-benefit studies.
INTRODUCTION
Bridges may be susceptible to damage during an earthquake event, particularly if they were designed without adequate seismic detailing. However, the likelihood of experiencing various levels of damage is best described probabilistically since there is uncertainty in a number of contributing factors, ranging from the characteristics of the seismic event to the detailing and response of the bridge to its ability to sustain demands before suffering damage. This potential for failure is traditionally characterized through the development of bridge fragility curves. The use of bridge fragilities has been motivated by the importance of these tools in regional seismic risk assessment and loss estimation packages such as HAZUS-MH (FEMA 2005) , REDARS (Cho et al. 2006 ), or MAEViz (MAEC 2007 . Moreover, these types of applications for large inventories of bridges have necessitated the development of fragility curves for typical classes of bridges (Dutta and Mander 1998 , Choi et al. 2004 , FEMA 2005 , Nielson and DesRoches 2007b . The focus thus far has been to assess the vulnerability of common classes of bridges in their existing (as-built) condition, which has helped to reveal the most common and potentially vulnerable bridges found in the Central and Southeastern United States (CSUS). Many bridges across the U.S. either have been or are currently being considered for seismic retrofit in an effort to minimize the potential damage to bridges and to alleviate indirect effects of post-event transportation network closure, such as indirect economic losses, business disruption, or inhibition of emergency response efforts. Bridges in the CSUS may be prime candidates for seismic retrofit, as many of them were designed with little or no seismic consideration. There is, however, a lack of understanding of the impact of these retrofits on the bridge fragility. To date, few studies have evaluated the fragility of retrofitted bridges (Shinozuka et al. 2002 , Kim and Shinozuka 2004 , Cimellaro and Domaneschi 2006 . Those that have been performed have not utilized a methodology appropriate for bridge system fragility assessment, nor have they considered a range of retrofit measures as is necessary for evaluating the performance for classes of CSUS retrofitted bridges.
The development of fragility curves for bridge types common to the CSUS, with a range of different retrofit measures, provides timely information for decision makers in that region. Many states are in the early stages of establishing seismic retrofit programs, evaluating bridge vulnerability, and identifying retrofit strategies. Few studies have provided insight into the relative performance of different retrofit measures for bridges common to the region, and the use of retrofitted bridge fragility curves offers a quantitative measure of the relative benefits of retrofits in terms of reducing the potential for bridge damage. This paper focuses on the development of fragility curves for common classes of CSUS bridges with a range of different retrofit measures, encompassing response modification, partial replacement, and capacity enhancement approaches. The resulting fragility curves offer guidance on selecting appropriate retrofits for the bridges found in the region and provide key tools for incorporation in regional SRA packages for assessing the effects of different mitigation strategies.
REVIEW OF RETROFIT IN THE CSUS
Bridge retrofit activities are at a more mature stage in such West Coast states as California, motivated by past earthquake events like the 1971 San Fernando earthquake. Awareness of the potential seismic hazard in the Central and Southeastern U.S. has more recently increased and has motivated seismic retrofit activities in some CSUS states. The Central U.S. Earthquake Consortium (CUSEC) collaborated with the U.S. Department of Transportation to prepare a monograph that helps to increase the awareness of the earthquake risk to transportation systems in the Central U.S. (CUSEC 2000) , focusing on the vulnerable regions of Arkansas, Illinois, Indiana, Kentucky, Mississippi, Missouri, and Tennessee. They discuss and encourage mitigation efforts, including the development or adoption of sufficient design criteria and bridge retrofit programs that implement technologies that are new and innovative in the CSUS community. Additionally, the authors of this paper have conducted a review of the state-of-practice in seismic retrofit for the region, with a focus on highlighting the common approaches (Padgett 2007 ).
Protection of a number of different bridge components using a range of measures have been considered or adopted in the region. A subset of retrofit measures are identified for assessment in this paper based on typical practice in the CSUS and/or having been identified as potentially viable retrofit measures for CSUS bridge types based on past studies (Chai et al. 1991 , Saiidi et al. 2001 , DesRoches et al. 2003 , DesRoches et al. 2004b , Maleki 2004 . Characteristic CSUS bridge deficiencies have been recognized as inadequately detailed columns with limited ductility capacity and low shear strength, brittle steel bearings, short seat widths, and inadequately reinforced pile caps, among others (DesRoches et al. 2004a ). As such, general column retrofits often include some type of encasement to improve the shear or flexural strength, flexural confinement and ductility capacity, or lap splice performance. Steel jackets, such as those shown in Figure  1a from Tennessee, are a common measure that will be included in this study. Isolation is another potential approach to limit the forces transferred to the substructure and replace existing seismically vulnerable bearings. Figure 1b shows an application of elastomeric isolation bearings in Illinois. Avoiding unseating and collapse of bridge spans is a primary concern for most CSUS states, which seek to promote life safety and avoid complete bridge damage. The use of restrainer cables (Figure 1c in Kentucky) and seat extenders ( Figure 1d ) are both common retrofit measures across several states in the CSUS. Some retrofit measures that specifically target lateral restraint or limit excessive transverse motion have been used. Typically, these take the form of concrete shear keys (Figure 1e ), though steel keeper brackets or transverse bumpers are also used. The five retrofit measures identified above will be evaluated as a part of this work and cover a range of common bridge retrofits. Note that this list is not fully comprehensive, as other measures such as shock transmission units, FRP column wraps, other types of isolation bearings, etc., have already been used in practice in the CSUS and may be considered in future projects. Little technical support has been offered to date for evaluating the impact of the various retrofit measures on the seismic performance of bridges in the CSUS region or in selecting measures appropriate for these bridges. There is a strong need for a comparative assessment of the viability of various retrofit strategies for typical CSUS bridges. In addition to posing a discussion of the array of different retrofit options that are available for bridges, the recent edition of the Seismic Retrofitting Manual for Highway Bridges (FHWA 2006) has noted the potential application of fragility curves for assessing bridge vulnerability, prioritizing bridges for retrofit, and performing seismic risk assessments. Building on this philosophy, fragility curves for retrofitted CSUS bridge classes also offer an approach for selecting appropriate measures for further detailed assessment. One advantage of this approach is the ability to capture the impact of retrofit on the bridge system vulnerability. Most of the retrofit measures noted above tend to target a particular response quantity, such as the restrainers that aim to reduce deck displacements and bearing deformations. However, there may be inadvertent affects on other components such as the columns or abutments. This is a particularly important consideration in the CSUS because of the number of different deficiencies that may be present in a single nonseismically designed bridge class, or may be impacted by the common retrofit measures in either a positive or negative fashion.
SEISMIC FRAGILTY METHODOLOGY FOR RETROFITTED BRIDGE CLASSES
Seismic fragility curves are conditional probability statements of damage that depend on the intensity of the ground motion, while fragility curves for retrofitted bridges offer a means of comparing the influence of various retrofit measures on the potential damage. The intention of this paper is to develop fragility curves for typical classes of retrofitted bridges found in the CSUS. These curves are not intended for bridge-specific application but instead reflect the vulnerability of a general portfolio of structures and indicate the relative effectiveness of different retrofit measures on the bridge class. Only a brief overview of the fragility methodology is provided in this paper, while further details on the approach can be found elsewhere (Padgett and DesRoches 2007b) .
Following from the basic definition of a fragility, as presented in Equation 1, the seismic demand ͑D͒ placed on the structure is assessed relative to its capacity ͑C͒ in the evaluation of the conditional probability of failure:
where IM is the intensity measure of the ground motion. This indicates the need to estimate both the seismic demand and capacity to evaluate the fragility for general classes of bridges as addressed in this paper. In the methodology applied, the fragility is evaluated both at the component (bearing, column, abutment) and bridge system level, in order to assess the source of retrofit contribution to system fragility shift. Threedimensional, nonlinear time history analysis is used to evaluate the parameters of a probabilistic demand model. Prior to establishing demand models, statistical samples of the bridge must be generated. Random samples of various modeling parameters are combined with the eight geometric bridge samples to give 96 bridge models. Examples of the modeling parameters that are varied and the probability distributions used to model them are shown in Appendix A. Latin-hypercube sampling is used to generate these bridge models. This sampling is performed to account for the uncertainty in the bridge inventory as it applies to geometery, material properties, component behaviors and damping.
Peak component responses from the time history analyses are monitored along with a measure of ground motion intensity, selected as peak ground acceleration (PGA). In this case, the PGA is measured as the geometric mean of the peak ground acceleration of the two component motions. This intensity measure was selected from a study of ten IMs in which PGA was found to be an effective predictor of the demand for bridge portfolios, while limiting the uncertainty introduced in the model, among other ideal characteristics (Padgett et al. 2008) . Following the work by Cornell et al. (2002) , the median value of the seismic demand placed on a given component ͑S D ͒ is assumed to follow a power law function, which in the lognormally transformed state is of the form:
where a and b can be estimated from a regression analysis. The dispersion of the demand, ␤ D͉IM , conditioned upon the IM is also estimated in the regression analysis. Comparison of the probabilistic seismic demand models (PSDMs) for different CSUS bridge types and retrofit measures are presented below.
Capacity estimates for both as-built and retrofitted components are considered, which correspond to qualitative damage states (DS) termed slight, moderate, extensive, and complete damage. The capacities for each component have been derived using the results from past experimental testing and the results of an expert opinion survey (Padgett and DesRoches 2007a) , such that each limit state is associated with a particular level of anticipated bridge functionality. For example, slight damage corresponds to damage for which the bridge is anticipated to be fully open within a day, while extensive damage corresponds to bridge closure for the first 30 days. Details on the derivation of the lognormal probabilistic models of component capacities can be found elsewhere for the as-built components (Nielson 2005 ) and retrofitted components (Padgett 2007) . However, the extensive table of limit state capacity models (in terms of a median, S c , and lognormal standard deviation, ␤ c ) for each damage state and bridge component in its retrofitted or as-built condition can be found in Appendix B.
Comparing the demand and capacity models allows for evaluation of the bridge component fragility, with and without retrofit. Given lognormal probability models for both the capacity ͑C͒ and demand ͑D͒, the conditional failure probability in Equation 1 may be solved in closed form for each component as shown in Eqn. 3:
where ⌽ is the standard normal cumulative distribution function, and the ground motion intensity measure has been taken as PGA.
Beyond evaluation of the impact of retrofit on component vulnerability, which offers insight on the relative impact of retrofit on different components in the system, assessment of bridge system fragility is necessary to fully evaluate the effect of a particular measure on the bridge performance. While as-built or retrofitted bridge fragility work for California-type bridges have focused on column vulnerability (Karim and Yamazaki 2001 , Kim and Shinozuka 2004 , Mackie and Stojadinovic 2004 , past studies by Nielson and DesRoches (2007a) have indicated the potential to underestimate system fragility for CSUS bridges if other components are neglected. As such, the system fragility for each class of CSUS retrofitted bridges is evaluated through a Monte Carlo simulation directly from the demand and capacity estimates. Correlation between the demands placed on various components is assessed to define a joint probability distribution for demand, and the demand model is integrated across all failure domains (as defined by the limit state capacity estimates). The instance of any bridge component being at or beyond a particular limit state constitutes the bridge system being at or beyond that limit state as well (given a series system approximation). These system failure probabilities are evaluated across the range of intensity measures through the Monte Carlo simulation, and the parameters for the lognormal distribution representing the system fragility (median and dispersion) are estimated through a regression analysis. This allows for assessment of the conditional probability of achieving various qualitative damage states for the retrofitted bridge system.
CSUS RETROFITTED BRIDGE CLASSES AND ANALYTICAL BRIDGE MODELS CLASSES OF RETROFITTED BRIDGES CONSIDERED
Recent evaluation of the bridge inventory in the 11 states in the Central and Southeastern U.S. has revealed that nearly 90% of the CSUS inventory is comprised of nine typical bridge classes (Nielson and DesRoches 2007b) . The four most common and most vulnerable bridge classes have been identified for retrofit evaluation as a part of this work. These bridge types (listed in order of their relative vulnerability) include the multispan continuous (MSC) steel girder, multispan simply supported (MSSS) steel girder, MSC concrete girder, and MSSS concrete girder. The details and geometry considered for the bridges are based on past studies that have examined bridge plans from over 150 bridges (Choi 2002 ) and presented typical representative configurations for MSSS and MSC steel and concrete girder bridges found in the CSUS. For each bridge class, eight representative geometries have been identified (Nielson 2005) and used in this work in order to capture geometric variability in the class, e.g., span length, column height, and deck width; however, other parameters of the bridges are considered as random variables as discussed later in the paper.
The bridges examined in this study have characteristically nonseismic detailing, such as multicolumn bents having approximately a 1% longitudinal reinforcement ratio in the columns with widely spaced transverse ties providing limited confinement, and hightype steel fixed and expansion (rocker) bearings for the steel bridges. Many of the details can be attributed to the median construction period of the bridges, which were found to range from the 1960s to the early 1980s (Nielson and DesRoches 2007b) . The bridges are characteristically non-skewed bridges, as found by Nielson (2005) to be typical of the CSUS inventory, and the most common number of spans was found to be three.
The five retrofit measures evaluated in this study for each bridge class are listed in Table 1 along with two common combinations of superstructure retrofits. These measures include steel jackets, elastomeric isolation bearings, steel restrainer cables, seat extenders, and shear keys. Assumptions are made as to the design approach and characteristics of each class of retrofit, while some uncertainties in the future realization of these retrofits are also considered. As such, the results are relevant for the following set of assumptions based on a review of the current state of retrofit practice in the region (Padgett 2007) , though the methodology could be applied for other conditions:
• Full height circular column jackets are considered, as it is common practice in the region.
• The restrainer cables are designed to carry half of the weight of the superstructure.
• Transverse keeper plates are provided in the detailing for the elastomeric isolation bearings. The bearings are designed to produce a two-to threefold increase in the fundamental period in the longitudinal direction.
• The concrete shear keys are designed to limit the force transferred to the columns to approximately half of the columns' shear strength.
• The seat extenders are assumed to provide an additional 152 mm of support beyond the bent beam.
With characteristics of the common bridge types and retrofit measures to be evaluated for the CSUS, the methodology presented above is applied for all bridge types and retrofit measures in order to better understand the impact on bridge fragility. Comparisons are made at intermediate stages between the as-built and retrofitted bridges classes to identify sources of fragility impact stemming from demand shift, capacity enhancement, or component vulnerability. The modeling scheme used in the analytical fragility method for the classes of retrofitted bridges is presented below. 
FINITE ELEMENT BRIDGE MODELS
Three-dimensional nonlinear analytical models are created using the OpenSEES platform to develop the fragility curves (McKenna and Fenves 2005) . The composite slab and girders are modeled using linear elastic models, since the deck is expected to remain elastic. Pounding between the decks is modeled using a multilinear pounding element (Muthukumar and DesRoches 2005, Muthukumar and DesRoches 2006) . The bearings are modeled using nonlinear inelastic elements that represent the stiffness and strength degradation observed during experimental tests (Choi 2002) . Discretized fiber sections are used for the circular columns and beam-column elements are used for the concrete bent beams. The pile foundations are modeled with simplified linear translational and rotational springs. The active, passive, and transverse responses of the abutments are represented by nonlinear inelastic springs.
A similar level of fidelity is used to model the retrofitted components of the bridge. The elastomeric bearings are modeled using bilinear springs in the longitudinal and transverse directions. The restrainer cables are modeled using tension-only springs with a gap representing the initial slack in the cables. The steel jackets are modeled by altering the column section model. Material models for the concrete fibers have an increased compressive strength and ultimate strain due to the jacket. The elastic modulus is also increased to reflect the increase in stiffness due to jacketing.
INTERMEDIATE RESULTS AND COMPARISONS COMPERISON OF PROBABILISTIC SEISMIC DEMAND MODLES
Probabilistic seismic demand models are constructed using the results of nonlinear time history analysis with 48 ground motions from Wen and Wu (2001) and 48 ground motions from Rix and Fernandez (2004) . The three-dimensional analytical models for each bridge type consider the potential nonlinear behavior of a number of components ranging from the bearings, to columns, to abutments as noted above. It is noted that for each type of retrofitted bridge up to 18 variable parameters (i.e., bearing stiffness, restrainer slack, gap between deck, etc.) with defined probabilistic models were considered. The use of a preliminary screening study permitted a considerable reduction in the number of parameters sampled upon to an average of four variables in addition to considering eight base geometries in simulating the 96 bridge models for each PSDM. In general, variation in the gross geometric properties, the angle of loading with the twocomponent ground motions, and a handful of analytical modeling parameters were considered for each bridge type and retrofit measure based on their significant influence on the seismic response. If the variable was found to be significant for any bridge or retrofit type and subsequently used in the Latin Hypercube sampling for at least one retrofitted bridge class PSDM, it is listed in Appendix A.
Retrofit Measure
The PSDMs reveal the impact of a given retrofit measure on the seismic demand placed on each component of a particular class of retrofitted bridges. The component demands considered in this work include column curvature ductility demands, fixed bearing deformations in the longitudinal and transverse directions, expansion bearing deformations in the longitudinal and transverse directions, and abutment deformations in passive, active, and transverse action. In general, the results reveal that some retrofit measures reduce the demand placed on a component (i.e., the targeted response quantity) yet may increase the demand placed on another component. Alternatively, the demand on some bridge components may not be affected at all. The findings are unique for each retrofit measure considered.
Taking the MSC steel girder bridge class as an example, the impact of two different retrofit measures on the demand models is compared in Table 2 . Recall that the parameters listed represent the regression parameters from Equation 2 along with the dispersion. From the table it is evident that the elastomeric bearings reduce the median value of the demands placed on the columns, exhibited by the reduction in parameters affecting both the intercept ͑ln͑a͒͒ and slope ͑b͒ of the regression model. In addition, they result in a slight reduction in the dispersion in the demand ͑␤ D͉IM ͒. On the other hand, the use of elastomeric isolation bearings yields an increase in the median value of the passive abutment demands. Different retrofits have different relative effects on the component demands. The restrainer cables are shown to result in a slight reduction in the median of the demand placed on the columns and the longitudinal bearing deformations. However, they result in a considerable increase in the demand model for the abutment deformation in active action, increasing parameters that effect the median and dispersion associated with that component. As anticipated, the restrainers have a negligible effect on the PSDM for transverse bearing deformation. 
Bridge Type
The relative demands placed on bridge components vary by bridge type, as does the influence of different retrofit measures on those demand models. As an example, Figure  2a shows the regression lines from the demand models for active abutment deformations for the MSC and MSSS steel girder bridges. Shown relative to the as-built demands (solid lines) are the median demand models for the bridge retrofit with restrainer cables. The plot reveals that the initial demands placed on the as-built abutments were quite different, with higher initial demands placed on the MSSS bridge. However, it is shown that the restrainer cables have a larger impact on the MSC bridge's abutment demands than the MSSS bridge, leading to a considerable shift in the regression line for the median value of the demand relative to the as-built. For this particular example, the larger inertial mass of the MSC bridge as compared with the MSSS bridge that is transferred through the cable forces is a causative factor for the larger increase in abutment deformations. Figure 2b shows another example comparing the transverse fixed bearing deformations for two different classes of continuous bridges in the as-built state and retrofit with shear keys. While the results are more subtly revealed in this case, the shear key retrofit has more of an impact on reducing the fixed bearing deformations (at higher PGAs) for the steel bridge than its concrete counterpart. This is attributed to the relative weight, bearing types, and configurations of the bridges. The comparisons shown focus primarily on the fact that the retrofits dissimilarly impact the median value of the demand for different bridge types. In many cases, the retrofits have a dissimilar impact on the dispersion in the demand for various bridge types. For example, the use of elastomeric isolation bearings leads to a 54% reduction in the dispersion in active abutment deformations in the MSC concrete girder bridge, but has only an 8% reduction in the MSC steel girder bridge. The retrofit impacts on the component demands are most meaningful when com- 
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pared relative to the actual capacity of the component. However, insight gained from the demand models as exemplified above reveals the root of the component fragility shift.
COMPARISON OF COMPONENT FRAGILITY

Retrofit Measure
Evaluation of the component fragility curves offers a means to assess whether the retrofit measures have an impact on the probability of damage of the component considering both the impact of retrofit on the bridge's demand and capacity. Additionally, these retrofitted component fragility curves provide an explanation for why a given retrofit measure has an impact on the bridge system fragility. As concluded from the demand analysis in the previous section, different retrofit measures have a dissimilar impact on the fragility of a component for a given bridge type and damage state. If the component is already a highly vulnerable component in the bridge, the relative ability of different retrofit measures to reduce that fragility is an important contributing factor to its ability to improve the system. Figure 3 shows the fragility curves for the moderate damage state of three components in the MSC steel girder bridge with several retrofit measures relative to the as-built bridge. These plots reveal that for a given bridge type and damage state, the impact of a retrofit measure can vary dramatically from one component to another. For example, the restrainer cables are shown to have a slight positive impact on the columns, no impact on the expansion bearings in the transverse direction, and a negative impact on the abutments in active action. The relative effectiveness of different retrofits for a particular component is also evident. The elastomeric bearings have a large impact in reducing transverse bearing vulnerability (by replacing existing steel bearings with isolation bearings), the shear keys result in a notable reduction, yet the restrainers and steel jackets have virtually no effect on this component.
Bridge Type
The effectiveness of a given retrofit in reducing component vulnerability is also a function of the bridge type common to the CSUS. An example of this is shown in Figure  4 , comparing the impact of shear keys on the moderate damage state fragility of the fixed bearings in the transverse direction. The retrofit has a considerable impact on the bearings in the MSC steel girder bridge, but has a negligible impact on the MSSS steel girder bridge. Differences in bearing and bridge configuration are contributing factors to this finding, where the abutment helps to restrain the entire bridge deck of the continuous bridge and reduce bearing deformations when a transfer mechanism is provided by the shear keys. The fact that different retrofit measures are more effective in reducing component vulnerability for some bridge types follows intuition, given that the dynamic characteristics of each bridge class are unique. These include, among other properties, differences in typical geometries, bearing types, and construction materials, which have an effect on the natural frequencies and nonlinear dynamic response. 
Damage State
A given retrofit measure may be more effective in reducing the potential for a particular level of component damage. Some measures may be more effective at the lower damage states and others at the extensive or complete damage state. A primary example of this is the seat extenders, which only affect the longitudinal bearing vulnerability at the complete damage state. This is due to their influence in shifting the bearing capacity limit states for complete damage due to increased support length. While the seat extenders have the same effect regardless of bridge type, the relative effectiveness of a particular retrofit on component vulnerability tends to vary by bridge type. The MSSS steel girder bridge is used as an example to examine how the effectiveness of different retrofits differs by damage state for the longitudinal vulnerability of the expansion bearings. As shown in Figure 5 , the seat extenders have no impact on the slight damage state but considerably reduce the component vulnerability at the complete damage state. For this bridge type, the restrainer cables have a very limited impact on the slight damage state, because of the low levels of deformation that lead to slight bearing damage and the relative slack in the cables. However, their effectiveness is increased by the higher damage state, where they are more effective in avoiding complete damage of the bearings for the MSSS steel girder bridge. 
BRIDGE SYSTEM FRAGILITY RESULTS
RETROFITTED BRIDGE SYSTEM FRAGILITY
The culmination of this work evaluates the impact of retrofit on bridge system vulnerability. Applying the methodology above, the bridge system fragility curves are derived for each CSUS bridge type and retrofit measure. These fragility curves are also estimated as lognormal distributions of the form
where med sys is the median value of the system fragility (in units of g PGA), and sys is the dispersion, or logarithmic standard deviation, of the system fragility. These parameters are estimated by a regression analysis of the failure probability estimates from the integration across all potential failure domains. The fragility statement gives the probability of entering a particular damage state, DS, for the bridge system (i.e., slight, moderate, extensive, or complete), based on the system failure model and limit states previously discussed where each capacity estimate corresponds to a particular damage state. The parameters for the retrofitted bridge system fragility curves developed are shown in Tables 3-6 for the four CSUS bridge classes. A discussion on the relative effectiveness of retrofits for different bridge types and damage states will follow in a later section.
MODIFICATION FACTORS
Previous research has proposed factors for scaling the median PGA value of an asbuilt bridge to account for a particular retrofit measure. Work by Kim and Shinozuka (2004) has presented an enhancement curve used to scale the median of the fragility of typical California-type multiframe concrete bridges, based on analysis of two representative structures. These were used to assess the impact of jacketing on the bridge fragility curves developed through empirical data. While it is shown in the tables above that some retrofit measures evaluated for CSUS bridges can also affect the dispersion for the (Tables 7 and 8 ). These modification factors can be applied as scalars to the median PGA for as-built fragility curves to indicate the impact of retrofit. Care should be used such that they are applied to similar classes and assumptions of bridge characteristics and would be appropriate for use in conjunction with such fragility curves as those developed by Nielson and DesRoches (2007b) . Additionally, these modification factors present the opportunity to assess retrofit for refined sets of fragility curves developed in the future, or empirical fragility curves should sufficient data allow for their development for these bridge types. However, a note of caution is provided that this does not fully capture the impact of retrofit in terms of altering the dispersion, for which Tables  3-6 indicate a limited potential, particularly when using isolation bearings. 
DISCUSSION
Plots of the fragility curves for the MSC concrete girder bridge are shown in Figure  6 to illustrate the relative vulnerability of the as-built and retrofitted bridge system over a range of earthquake intensities and damage states. Additionally, a comparison of the median PGA values for this class and the other three retrofitted bridge classes considered is shown in Figure 7 . The figures facilitate comparison of the relative effectiveness of different retrofit measures for the various bridge classes typical to the Central and Southeastern U.S. and for damage states ranging from slight to complete.
MSSS STEEL
Evaluation of the fragilities (and median PGAs as shown in Figure 7) for the MSSS steel girder bridge indicate that for the slight through extensive damage state, the elastomeric isolation bearing retrofit is the only measure that has a considerable impact on the system vulnerability. This is due to the fact that the steel fixed bearings followed by the expansion bearings tended to dominate the bridge vulnerability at the lower damage states. By replacing the vulnerable steel bearings with isolation bearings, the fragility is significantly reduced. At these damage states, the other retrofit measures are not particularly effective in reducing the system vulnerability, primarily because of the vulnerability of the steel bearings. The restrainer cables have little impact at the lower damage states because of the low levels of displacement required to induce damage in the fixed bearings and relative slack in the cables, and for the higher damage states were not particularly effective in limiting deformations because of cable yielding. The findings are consistent with the results of the component fragility for expansion bearing deformations as previously discussed and presented in Figure 5 . For the complete damage state, the seat extenders are effective due to the increase in the limit state capacity for complete damage, and the important contribution that the bearings in this bridge have on the system fragility. 
MSC STEEL
The MSC steel girder bridge is the most vulnerable bridge type in the CSUS inventory (Nielson and DesRoches 2007b) . The steel bearings in this bridge are still a primary concern, however; the fixed bearings above the columns are not as vulnerable as the expansion bearings at the far ends of the continuous bridge deck, due to the large expansion joint at the deck ends. In addition, larger demands are placed on the columns of this bridge because of the inertial loads of the continuous deck acting in unison. The elastomeric bearings, therefore, are effective in replacing the more vulnerable steel expansion bearings. However, because all the bearings act similarly in order to isolate the superstructure from the substructure, the demands are fairly high, causing them to be slightly more vulnerable than the original fixed bearings (which are not required to deform considerably).
The expansion bearings are also vulnerable to damage in the transverse direction, which is part of the explanation for the synergistic improvement of the performance of the MSC steel girder bridge with seat extenders and shear keys. While the steel jackets have a significant impact on reducing the column vulnerability, their inability to affect other components results in limited improvement for the bridge system fragility. The restrainer cables offer a slight improvement in the vulnerability of the expansion bearings. However, the cables transfer large forces to the abutments, increasing the system vulnerability. Figure 6 shows the relative vulnerability of the as-built and retrofitted MSSS concrete girder bridge. This concrete girder bridge has considerably fewer vulnerable bearings than its steel counterpart, yet has a larger mass. The relative vulnerability of various components in this as-built bridge varies considerably depending on the damage state. This helps to explain why different retrofits have a varying effect at the different damage states. For example, at the slight damage state, the longitudinal fixed and expansion bearings, as well as the abutments in active action, are the most susceptible to damage. Hence, the elastomeric bearings are particularly effective because they both replace the bearings and reduce the active demands placed on the abutments. Beyond the limit of moderate damage, the columns tend to become more vulnerable and the steel jacketing becomes particularly effective. The elastomeric bearings are not as effective beyond the slight damage state as one might have expected, because of the increased vulnerability of the abutments in the transverse direction due to pounding of the heavier deck against the wingwall. It is also interesting to note that the use of shear keys actually increases the system vulnerability at the higher damage states. This is because the bearings of the bridge are not particularly susceptible to the higher levels of damage in the transverse direction, so there is negligible positive effect realized. Instead the shear keys actually result in more vulnerable columns due to the inertial loads transferred when the bridge is excited in the transverse direction.
MSSS CONCRETE
MSC CONCRETE
It is evident from the plot in Figure 7 that the elastomeric bearings are very effective at the slight damage state for the MSC concrete girder bridge, although no other measures impact the system fragility. The steel jackets are effective in reducing the column vulnerability at the slight damage state, but the other vulnerable components are not improved. The slight improvement in transverse bearing vulnerability (though not a particularly vulnerable component) using the shear keys is offset by the increased vulnerability of the transverse demands on the abutments. As seen with the MSSS concrete girder bridge, the steel jackets tend to be more effective at limiting the higher levels of damage where the columns contribute more to the vulnerability (i.e., 20% increase in complete damage state median value). The restrainer cables, however, are not effective for this bridge because their effectiveness on improving bearing performance is limited by the yielding of the cables induced by the large inertial loads. Additionally, any positive benefit they have is negated by the negative impact on the abutments in active action. Like the other bridge types, the seat extenders become effective at the complete damage state because they virtually remove any contribution of the bearings to the system's potential for complete damage.
GENERAL FINDINGS FOR BRIDGE RETROFIT
The results from the previous section illustrate that the effectiveness of different retrofit measures is a function of both the bridge type and damage state being considered. However, there are several observations which can be made that could assist decision makers regarding bridge retrofit.
In general, none of the retrofit measures are particularly effective in reducing the probability of having slight damage in the bridges, except for the elastomeric bearings. This is due to the fact that the slight damage state tends to be controlled by the vulnerable bearings connecting the piers to the bridge deck, as is the case for both the steel girder bridges and the concrete girder bridges. Given the infrequent nature of earthquakes in the CSUS, and the short time needed to restore full functionality for bridges in the slight damage state, it is not likely that avoiding slight damage would be a preferred target performance goal for retrofit selection.
Seat extenders are generally among the most effective measures for reducing the likelihood of complete damage in most of the bridge types evaluated. By extending the seat support length, unseating as a mode of failure is eliminated, thereby significantly reducing the vulnerability of the bridge to the complete damage state. Seat extenders also tend to be a cost-effective measure, making their use particularly attractive. The combined use of the seat extenders and shear keys is more effective for the continuous bridges than the simply supported bridges, due to the ability to help resist the transverse displacements induced by the large inertial mass as well as the unseating potential. This common combination of superstructure retrofits may also be a highly viable approach for the continuous bridges found in this region, should avoiding complete damage be the target objective.
For the moderate and extensive damage states, the effectiveness of different retrofit measures varied by bridge type. The retrofit measures that addressed the most vulnerable components of that bridge tend to be the most effective in reducing the overall bridge system vulnerability. For the concrete girder bridges, where the columns are a dominant contributor to the fragility, the steel jackets are relatively effective, while for the steel girder bridges supported on steel bearings, isolation tends to be the preferred approach.
CONCLUSIONS
This paper presents fragility curves developed for a range of retrofit measures considered for four common bridge classes in the Central and Southeastern United States. The retrofits addressed include steel jackets, elastomeric isolation bearings, restrainer cables, shear keys, seat extenders, and common combinations of the above. The methodology for assessing the fragility of the retrofitted bridges includes the use of threedimensionsal nonlinear analytical models and time history analyis, extensive uncertainty treatment, and incorporation of the impact of retrofit on multiple vulnerable components for system fragility estimation. Through the process, the impact of retrofit on the probabilistic seismic demand models, component capacities, component and system vulnerability is evaluated.
The intermediate analyses building up to the system fragility estimate offer key insight as to how different retrofit measures influence the demand placed on various components in the syste, and how they affect the fragility of the components when compared to their capacity. It is found that some retrofits may have the negative effect of actually increasing the demands placed on certain components as observed in the PSDMs, though they tend to improve the response of the targeted component. For example, for many of the bridge types, the elastomeric bearings increase the abutment vulnerability in passive action, or the restrainers increase the active vulnerability. The ultimate impact of the retrofit measure on the system fragility is a function of the relative vulnerability of the various components in the system and the influence of the retrofit on shifting those vulnerabilities. The effectiveness of the retrofit measure in improving system fragility depends upon which bridge type and damage state is being considered. In general, for the slight damage state, the only retrofit measure that is effective in all bridge types is the use of elastomeric bearings. This is because the slight damage state is controlled by damage to the vulnerable bearings in steel girder and concrete girder bridges. Conversely, for the complete damage state, seat extenders tend to be among the most effective measure for most bridge types, since it essentially significantly reduces the likelihood of failure due to unseating.
The lognormal parameters defining the retrofitted bridge system fragility are presented in this work for comparison of different retrofit measures and in a form such that they can be easily incorporated into seismic risk assessment packages for the CSUS region. Additionally, modification factors are computed from the results for application to appropriate related as-built fragilities in order to scale the median PGA and estimate the impact of retrofit. The proposed fragility curves presented provide the opportunity for decision makers to compare and select suitable retrofit measures for the bridges common to the CSUS region and serve as key tools for advanced analyses such as regional risk assessment or probabilistic cost-benefit analyses.
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